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Abstract—This paper examines the performance of switched re-
luctance machines which employ a segmental rotor construction
in preference to the usual toothed structure. Two three-phase de-
signs are considered, one in which the windings span a number of
teeth and one in which they span a single tooth. Two demonstra-
tors have been built–one for each design type, and their perfor-
mances are compared with both conventional switched reluctance
motors (SRMs) and a rare earth permanent-magnet machine. It is
shown how these machines can operate from a standard SRM con-
verter: running test results are presented and there is a discussion
of general operating experience, ranging from the measurement of
mean torque, voltage, and current-controlled operation to general
thermal performance.
Index Terms—Segmental rotor, switched reluctance motor.
I. INTRODUCTION
THERE has been relatively little work looking at the funda-mentals of the magnetic structure of switched reluctance
motors (SRMs): almost without exception, SRMs still employ
a toothed rotor and stator, even though toothed rotor designs
are known to give suboptimal performance in synchronous re-
luctance machines [1], [2]. Notable exceptions to the standard
toothed designs were introduced by Zu and Lipo [3]–[5], who
examined axially laminated rotor structures for SRMs, and a
patent by Horst [6] concerning the use of segmented rotor con-
structions for unidirectional operation of two-phase SRMs.
Recent work by the authors [7], [8] has introduced the general
application of segmented rotor construction to SRMs, indicating
that the machine is able to make much better utilization of the
magnetic geometry and, thereby, give much greater torque den-
sity than a conventional SRM.
This paper develops the above work and also considers an
alternative design, using single tooth coils, which offers further
advantages. Two demonstrator machines have been built and
extensively tested. The paper uses a combination of test results
and finite-element predictions to evaluate the performance of
each demonstrator and to compare them with both conventional
SRMs and permanent-magnet machines.
II. FUNDAMENTALS OF OPERATION
A segmental rotor SRM replaces the usual toothed rotor with
a series of magnetically isolated segments. When a segment
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bridgesaslot, as inFig.1(a), it permitsmagneticflux to flowdown
one stator tooth, through the segment and back up an adjoining
stator tooth, returning via the section of stator core back between
the two teeth. Thus, the magnetic flux flows in the magnetic
material immediately surrounding one stator slot and the source
of this flux is the magnetomotive force (MMF) of the conductors
in the slot. When the segment bridges the slot, it maximizes the
magnetic permeance of flux driven by the conductors in the slot
(subsequently termed the “slot permeance”) and when a segment
lies under a tooth, leaving the slot unbridged, it minimizes the slot
permeance [Fig. 1(b)]. Because the slot permeance is modulated,
motoring torque is generated by only having a high slot MMF
during theperiodsof risingslotpermeance. It is therefore sensible
for each slot to only contain the conductors of a single phase.
The ratio of tooth width to pole pitch is often used in
SRM design because it gives a measure of how much of an ex-
cited rotor pole carries magnetic flux. It is therefore a measure
of the magnetic utilization of the machine. A toothed rotor ar-
rangement is limited to having less than 0.5; otherwise, the
rotor and stator teeth continue to overlap in the unaligned posi-
tion, leading to a high unaligned permeance and reduced torque
capability. The segmental arrangement can maintain a low un-
aligned permeance, even when the effective is greater than
0.7, thereby resulting in a much greater torque capability, pro-
viding the slot width is not compromised. Detailed explanations
of these features are given in [7].
All of the above attributes of the segmental rotor machine are
shared with those of the two-phase axially laminated design of
Zu and Lipo [3], [4]. However, the authors have found that for
switched reluctance machines, in which the stator MMF is con-
centrated, the segmental rotor arrangement gives greater torque
density [7].
III. THREE-PHASE DEMONSTRATORS
Two three-phase demonstrator machines have been built.
These two machines are fundamentally different and are briefly
described below.
A. Multitooth Winding Design
The multitooth winding design [7], [8] has 12 stator teeth and
eight rotor segments so that as the rotor rotates, the permeance of
every third slot varies in unison. The requirement to only have
the conductors of phase A in slots 1, 4, 7, and 10, phase B in
slots 2, 5, 8, and 11 and phase C in slots 3, 6, 9, and 12, results
in a winding spanning three stator teeth and two rotor segments.
Fig. 1 shows magnetic flux plots of the machine with one phase
excited in the aligned and unaligned positions. Note how eight
0885-8969/04$20.00 © 2004 IEEE
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Fig. 1. The 12–8 multitooth winding 12–8 machine shown with one phase
excited in the aligned and unaligned positions.
of the 12 stator teeth actively carry the magnetic flux of one
phase. Each turn of the winding links the flux in two active teeth
so that the flux linkage per turn is approximately double that of
a conventional SRM.
Fig. 2 shows a photograph of the stator of the above ma-
chine, which has been built and fully tested. This machine has
an outside diameter of 150 mm and an axial stack length also
of 150 mm. Note that while the machine has a similar winding
arrangement to the fully pitched winding SRM of [9], it is fun-
damentally different in terms of its flux paths and method of
torque production.
Details of static torque and flux-linkage test results for the
12–8 segmental rotor SRM can be found in [7] and [8]. The
machine has also been modeled using two-dimensional (2-D)
nonlinear finite-element analysis, producing solutions in terms
of the magnetic vector potential. Adaptive meshing techniques
were used to provide highly refined meshes in the regions of
greatest importance, with solutions to several thousand node
problems occurring within a few seconds on a standard PC. The
finite-element predictions of the flux-linkage characteristics
were found to be typically 3% lower than measured curves in the
aligned position and about 10% lower in the unaligned position.
These underestimates were attributed to the failure to model
end region leakage and fringing fields in the 2-D model [7], [8].
Fig. 2. The stator of the 12–8 multitooth winding design.
B. Single Tooth Winding Design
The multitooth winding design above performs very well, but
is not suitable for machines with a low ratio of axial length
to pole pitch because the end-windings are significantly longer
than in a conventional SRM. For this reason, a second three-
phase design has been produced in which each winding spans
only a single tooth [10].
It has been stated that only the conductors of a single phase
should lie in any one slot; when this is combined with a winding
spanning a single tooth then these requirements can only be met
if every other tooth is wound. Fig. 3 shows the magnetic flux
plots for a 12–10 prototype machine; one phase is conducting,
illustrating the aligned and unaligned positions. Current flowing
in a single phase excites two adjacent slots, so to maximize
torque production it is necessary for the permeance of these two
slots to vary in phase. This is accomplished by ensuring that the
slot pitch of the wound teeth is equal to one complete rotor pole
pitch (i.e., 36 mechanical degrees in the 12–10 machine).
Magnetic flux flows down the wound stator teeth and returns
via the adjoining unwound teeth on either side of the wound
teeth. Because the return path is shared between two unwound
teeth, they can be one-half the width of the wound teeth, as is ev-
ident in Fig. 3. Note that the unwound teeth share the flux of two
phases: depending upon the chosen polarity of adjacent phases,
the two fluxes can either add or subtract from each other. The
choice of phase polarity has an influence upon cross-saturation
effects between phases and upon the magnitude of the iron loss.
Measurement of cross-saturation effects has revealed them to
be minimal in the test machine, while at the relatively modest
speeds of these tests (under 1500 r/min) iron losses have been
found to be typically less than one-quarter of the winding loss.
Fig. 4 is a photograph of the stator of the demonstrator ma-
chine in which the winding arrangement is clearly evident. The
outside diameter and stack length are both chosen to be 150 mm,
making these dimensions identical to the multitooth winding de-
sign. The mean length of a single turn was found to reduce from
547 to 435 mm, corresponding to a reduction in mean end-turn
length from 123 to 67 mm. Examination of Fig. 4 reveals that
with more care during the winding process, this end turn length
could be further reduced.
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Fig. 3. The 12–10 Single tooth winding machine shown with one phase
excited in the aligned and unaligned positions.
Fig. 4. Stator of the 12–8 multitooth winding design.
Fig. 5 shows the rotor with the segments, which are mounted
onto a nonmagnetic steel shaft using a series of retaining bars
bolted to the shaft. This arrangement was calculated to be ca-
pable of approximately 30 000 r/min before mechanical limits
Fig. 5. Segmental rotor of the 12–10 single tooth winding design.
were reached. Further details of the segment retention system
are given in [7].
The 12–10 machine has been subject to measurement of its
static torque profiles and flux-linkage characteristics as a func-
tion of current and position. Results of these characteristics are
given in [10], along with equivalent values predicted using 2-D
finite-element analysis. As in the 12–8 segmental machine, there
is reasonably good correlation between predicted and measured
values, though the finite-element predictions underestimate the
flux-linkage because end effects are not included in the 2-D fi-
nite-element model.
IV. PERFORMANCE EVALUATION
The machines have been run from a standard SRM converter,
in which each phase is supplied with unidirectional current
using an asymmetric half bridge insulated-gate bipolar transistor
(IGBT) converter with a dc link voltage of 580 V. Position feed-
back is accomplished using a 12-bit optical encoder, thereby
giving full flexibility of turn on and turn off angles. The machine
is operated with a constant current demand during the period
of conduction, with current control achieved using pulse-width
modulation, switching at an electrical frequency of 10 kHz.
Fig. 6 shows an example of current and voltage waveforms
in the multitooth winding 12–8 segmental design while oper-
ating under current control at a speed of 577 r/min. In this case,
a conduction angle of 120 electrical degrees is demanded, com-
mencing 20 electrical degrees after the unaligned position.
From the voltage and current waveforms and knowledge of
the rotor position and phase resistance, it is possible to derive
the flux-linkage/current locus traversed by the machine, using
the equation
This derived locus is also shown in Fig. 6, giving the classic
shape of an SRM operating under current control. The ratio of
inductances at switch off to switch on may seem quite small, but
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Fig. 6. The 12–8 multitooth winding machine, showing measured phase
voltage, current, and the flux-linkage/current locus while delivering 18.1 Nm
at 577 r/min. Switch on angle 20 electrical degrees after unaligned position.
Conduction angle 120 electrical degrees.
this is simply because current is supplied 20 after the unaligned
position and removed 40 before the aligned position.
The drive has been simulated using a standard SRM time-
stepping program, with the measured static flux-linkage pa-
rameters used as inputs. All measured waveforms agree closely
with those predicted by the simulation. Shaft torque was also
measured using a shaft-mounted transducer; and power flow
measured using a three-phase power analyzer. Measured and
predicted torques were within 5% and the difference between
input and output measured power could be attributed entirely
to winding loss, iron loss, friction, and windage. Consequently,
it was possible to conclude that the machine has no unforeseen
problems: dynamic and static parameters are in close agreement,
so there are no significant eddy current or other loss mechanisms
other than those of the windings and lamination iron loss.
Fig. 7 shows waveforms in the 12–10 single-tooth winding
segmental machine (operating with the same converter arrange-
ment as the multitooth winding machine), delivering 33 Nm,
while rotating at 900 r/min. Current demand is set at 12.0 A,
but this value is only reached for a small proportion of the con-
duction period. Torque production could be slightly enhanced at
Fig. 7. The 12–10 single-tooth winding machine, showing measured phase
voltage, current, and flux-linkage locus while delivering 33 Nm at 900 r/min.
Switch on angle 9 electrical degrees after unaligned position. Conduction angle
167 electrical degrees.
this speed by increasing the gains of the PID current controller,
or by introducing an element of phase advance (the switch on
angle is still 9 electrical degrees after the unaligned position).
Fig. 8 shows operation with the same current controller and
drive settings, but with the load torque reduced to 22 Nm. Be-
cause the drive only has a current loop (there is no speed control
loop), the machine speed rises to 1061 r/min and the drive enters
full voltage control. During the conduction period, the voltage
applied to each phase is constant and since the resistive voltage
drop across a phase is small, the phase flux-linkage rises lin-
early. Note how for most of the conduction period, the current
is limited to just over 8.0 A by the back emf set up in the phase.
Toward the end of the conduction cycle, the rate of change of
flux-linkage with respect to position falls and the current rises
rapidly to meet the effective flux-linkage demand. Operation
in terms of the drive is clearly identical to that of a standard
three-phase SRM.
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Fig. 8. The 12–10 single-tooth winding machine, showing measured phase
voltage, current, and flux-linkage locus while delivering 22 Nm at 1061 r/min.
Switch on angle 9 electrical degrees before unaligned position. Conduction
angle 167 electrical degrees.
Fig. 9 shows measured torque-speed envelopes for the 12–10
machine drive when supplied with a fixed dc link voltage of
400 V, a fixed conduction angle of 140 electrical degrees, and
a constant current demand of 10 A during the conduction pe-
riod. As might be expected, at low speed, the current rises to
the demanded value almost immediately after switch on and,
of the measured curves, peak torque occurs when the excitation
period commences 30 electrical degrees after the unaligned po-
sition and finishes 10 before the aligned position. Hence, con-
duction is at exactly the peak torque production angles. As the
speed rises, a progressively longer angular rotation occurs while
the current rises and falls at the start and end of the conduction
period. Consequently, the introduction of phase advance is seen
to be advantageous. At the highest speeds shown, the drive is
in full voltage control and torque is maximized by advancing
the conduction period to commence 60 electrical degrees be-
fore the unaligned position is reached. The trends displayed in
Fig. 9. Measured torque speed curves for the 12–10 segmental rotor machine,
driven with a current demand of 10.0 A and a conduction angle of 140 electrical
degrees, from an asymmetric half bridge converter with a dc link voltage of
400 V. Advance angle refers to the switch-on angle in electrical degrees, relative
to the unaligned position.
TABLE I
MACHINE DIMENSIONS
these results are commensurate with those previously found for
conventional switched reluctance machines.
Both the 12–8 and 12–10 segmental machines were delib-
erately made with exactly the same outside diameter and core
axial length as a previously constructed 12–8 SRM, which has a
conventional toothed rotor. All three machines also have similar
air-gap lengths–12 stator slots of similar dimensions and similar
slot fill-factors. This permitted an objective performance eval-
uation, based entirely upon measured parameters. Dimensions
for all three machines are given in Table I.
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Fig. 10. Measured flux/MMF characteristics for the three SRMs in the aligned
and unaligned positions. Thick solid line is the conventional toothed 12–8 SRM.
Dashed line is the 12–8 multitooth segmental SRM. Thin solid line is the 12–10
single tooth segmental machine.
Fig. 11. The 12–8 PM machine, showing the no-load magnetic flux
distribution.
Fig. 10 shows the measured flux per turn as a function of
MMF in the aligned and unaligned positions for one phase
of each of the three machines. These are shown in preference
to flux-linkage/current curves so that readers do not have to
account for differing numbers of turns in each machine. In
the aligned position, the segmental machines show a large rise
in flux per turn over the toothed rotor SRM for the following
reasons.
• 12–8 multitooth winding segmental SRM has almost
double the aligned flux-linkage of the toothed SRM be-
cause each turn links the flux of two stator teeth.
• Single tooth winding 12–10 segmental design has much
more flux per turn than the toothed rotor SRM because it
has a of almost 0.7, compared to 0.33 in the toothed
machine.
In addition to an increase in the flux per turn in the aligned
position, the segmental machines have almost three times the
flux per turn in the unaligned position. This will reduce the ad-
vantages created by the high flux levels in the aligned position.
To broaden the comparison, a permanent-magnet brushless
dc machine was also designed with the same dimensions, using
sintered Neodymium Boron Iron magnets. This machine was
chosen to have eight poles and 12 slots, with each coil placed
around a single tooth, making it as similar as possible to the
Fig. 12. Flux-linkage loci for the three SRMs and a brushless dc PM machine,
operating under current control, with a winding loss of 400 W.
SRMs. Fig. 11 shows the no-load magnetic flux distribution
for this machine, which was characterized using finite-element
analysis. Major dimensions (see Table I) were chosen to ensure
that the peak flux density in all of the machines was virtually
identical when loaded.
While it should be noted that all results presented for the PM
machine are based purely upon simulation, there has been con-
siderable effort to optimize the PM design and the authors be-
lieve the predictions to be within a few percent of how such a
machine would perform in practice.
Fig. 12 shows flux/MMF loci for all four machines, oper-
ating at low speed under current control, with a winding loss
of 400 W, which corresponds closely to the steady-state thermal
limit. The SRMs are operated with each phase carrying current
for one-third of a cycle, with the loci derived from measured
characteristics at the turn on and turn off angles corresponding
to the maximum torque. This typically corresponds to switch
on 40 electrical degrees after the unaligned position and switch
off 20 electrical degrees before the aligned position. Note how
the multitooth winding segmental SRM has a lower MMF limit
than the other SRMs; this is because it has longer endwindings,
increasing the loss per turn. The locus for the brushless PM ma-
chine is shown for one-half cycle of conduction, with the ma-
chine connected in a star connection. Positive current flows in
the phase for one-third of a cycle, and the flux locus has been
calculated accordingly. For a loss of 400 W, the peak MMF for
the PM machine is less than that of the SRMs, despite having a
similar resistance, because each phase carries both positive and
negative current and, consequently, conducts for two-thirds of a
cycle in total.
The areas of the flux/MMF loci are related directly to torque
production [11]. However, it should be noted that while each
phase of the two 12–8 SRMs and the PM machine traverse this
loop eight times per revolution, each phase of the 12–10 single
tooth winding segmental SRM traverses its loop 10 times, so
that this machine produces 25% more torque per unit area of
locus.
The 400 W of winding loss corresponds to a mean torque of
22.5 Nm in the conventional SRM, but gives 32.0 Nm in both
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Fig. 13. Mean torque as a function of winding loss for the three SRMs and a
brushless dc PM machine, operating under current control.
the segmented SRM designs, indicating an over 40% increase
in mean torque capability. However, the PM machine continues
to outperform the segmental SRMs, producing a mean torque
of 42.0 Nm. This is only to be expected, since the SRMs have
to supply a magnetizing component of current in addition to a
torque component. Examination of the flux/MMF loci reveals
that the difference between the PM and SRM performance could
be reduced substantially if the air-gap length were smaller, re-
sulting in a higher aligned flux-linkage, or if the unaligned per-
meance could be reduced.
Fig. 13 shows the mean torque capability as a function of
winding loss in all four machines. It is interesting to see how
the percentage gain in terms of torque per unit loss in the PM
machine is reduced at higher winding loss levels, where the rel-
ative importance of the magnetizing current is reduced in the
reluctance machines.
The two segmental SRMs show similar capabilities: the single
tooth winding design gains over the multitooth winding design in
terms of shorter endwindings, but this is counteracted by poorer
magnetic utilization, resulting in virtually identical performance.
The single tooth segmental design seems particularly attractive
because it uses 30% less copper than the multitooth design
and requires less space for the endwindings. This will have a
significant impact upon the cost of mass production.
All of the above discussion has concerned mean torque
production: in practice, the segmental SRMs have significantly
greater torque ripple than the PM machine and, therefore, may
not be suitable for applications which are particularly sensitive
to torque ripple.
V. CONCLUSION
This paper has evaluated the performance of two designs of
segmental rotor SRM. Both static parameters and running test
results have been presented, explaining why the designs offer
superior performance to conventional toothed SRMs. Both ma-
chines deliver over 40% more torque than a conventional SRM
of the same dimensions. While their performance is still 24%
less than that of a rare earth permanent-magnet machine, they
may offer a much lower cost alternative in applications where
torque ripple is not a major issue.
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